Abstract: A thorough investigation of the emission and absorption spectra of the ( 3 F 4 , 3 H 6 ) band in thulium doped silica fibers has been performed. All the basic parameters of thulium in silica have been extracted with the purpose of further analysis in laser and amplifier simulations. The experimental methods used to obtain the scaled cross sections have been carefully selected in order to avoid problems associated with calibrated measurements and knowledge of the radiative lifetime. The values of the absorption cross sections agree well with previously reported values, however the peak emission to peak absorption cross section ratios are found to be significantly below 1. Also confinement factors and thulium concentrations are estimated from the results. 948-956 (1999). 12. X. Zou and H. Toratani, "Spectroscopic properties and energy transfer in Tm 3+ singly-and Tm 3+ /Ho 3+ doublydoped glasses," J. Non-crystalline Solids 195, 113-124 (1996). 13. B. M. Walsh and N. P. Barnes, "Comparison of Tm:ZBLAN and Tm:silica fiber lasers;Spectroscopy and tunable pulsed laser operation around 1.9 μm," Appl. Phys. B 78, 325-333 (2004).
Introduction
Modeling rare-earth doped fiber amplifiers and lasers is an important task in understanding and designing new devices. A model requires detailed knowledge of the particular rare-earth which can be found from spectroscopic measurements and calculations. The extracted data are applied to numerical or analytical models to predict gain, lasing threshold, noise properties and other parameters of interest. This has been done with great success in erbium/ytterbium doped amplifiers and lasers, based on numerous investigations of the spectroscopic properties of those rare-earths when incorporated into silica fibers.
In order to have optical amplification at wavelengths other than at the erbium/ytterbium bands, other rare-earths are doped into the optical fibers. In particular, the 3 F 4 → 3 H 6 transition of thulium-doped silica has the potential to cover a broad wavelength range beyond that of erbium from 1.6 μm to 2.1 μm and the spectroscopic parameters have to be accurately determined in order to model new devices. Applications of thulium-doped fiber lasers and amplifiers are spectroscopy, lidar, medicine and future communication systems. The work presented here describes the determination of lifetime, cross-sections and rare-earth concentration from in-fiber measurements of thulium doped silica. The goal of the study is to provide new and accurate spectroscopic data for modeling thulium-doped devices similar to what is known in the case of erbium/ytterbium device modeling.
Thulium doped silica fibers have in many cases similar properties to erbium doped fibers and may be modeled using the same formalism. Nevertheless, as the 4 I 13/2 → 4 I 15/2 transition in erbium can be considered 100 % radiative, this is far from the case with the 3 F 4 → 3 H 6 transistion of thulium. This complicates the scaling of the emission cross section, since the integrated emission cross section spectrum is proportional to the radiative lifetime, only. The other posibility of scaling is to use the McCumber relation [1, 2, 3] , but this method has been shown to have limitations for broad linewidths that are mainly homogenously broadened which is the case for the emission spectrum of thulium covering more than 400 nm. Finally, JuddOfelt analysis can be used to recover the radiative lifetime from absorption measurements, but accuracy has been shown to be limited and it requires a calibrated measurement of the emission spectrum [4] .
Spectroscopy
A sample from a custom designed thulium doped silica fiber from OFS Fitel Denmark was available. Co-doping with aluminum and lanthanide in the core was chosen to optimize the radiative efficiency and minimize clustering [5] . Furthermore, an Al/Ge co-doped fiber was available (Tm2). The rare-earth concentration in the fibers were unknown from fabrication.
The following section describes how the spectroscopic data are recovered from simple measurements of lifetime, saturated fluorescence, ground-state absorption and gain tilt [6] .
Lifetimes
The fluorescent (or observed) lifetime, τ f l is a given by the radiative ,τ r , and the non-radiative ,τ nr , lifetimes as 1
The fluorescent lifetime can be measured from a simple fluorescent decay experiment in which the 3 H 4 level of thulium is excited by a pump diode laser at a wavelength of 786 nm. The ions excited to the 3 H 4 level quickly relaxes to the 3 F 4 level from where it relaxes partly radiatively to the ground state 3 H 6 . The fluorescence observed is proportional to the population of the 3 F 4 level which decays exponentially with a lifetime of τ f l . A measured curve of the fluorescence is shown in Fig. 1 . The decay curve is least squares fitted to a double-exponential to recover a lifetime of 650 μs for Tm1 and 560 μs for Tm2 for the 3 F 4 level. The lifetimes found are in good agreement with previous reported lifetimes which range from 300 to 600 μs [7] .
Scaling of the absorption cross-section
Scaling of the absorption cross section is possible with knowledge of the concentration of rareearths and the ground-state-absorption per unit length GSA = 2πσ a ρφ 2 s rdr, where ρ is the concentration and φ s is the normalized mode profile of the fiber. However, as the concentration of the particular fibers in our work was unknown from the beginning, this method was ruled out. Nevertheless, once the fluorescent lifetime is known, it is possible to scale the absorption cross section even without knowledge of the rare-earth concentration. This is possible since the inversion is independent of the concentration. The inversion of a 2-level system in a short piece of fiber where the pump power is much higher than any signal power is given by
where σ ap is the pump absorption cross section, φ p is the optical mode of the pump, n p is the pump photon current and η p = σ ep /σ ap is the ratio of emission-to-absorption cross section at the pump wavelength. The ion populations of the upper and lower laser levels are N 2 and N 1 , respectively. The z-dependency of the light propagating in the fibers positive direction is given by the small signal gain and fluorescence by
where σ es , σ as are the emission and absorption cross sections at the signal wavelength. In the following, the rare-earth distribution is assumed proportional to the refractive index profile, Δn(r), as ρ(r) = ρ 0 Δn(r)/max(Δn), ρ 0 being the peak concentration . The refractive index profile is known from measurements on both fibers and the mode profile is found numerically using a cylindrical 1D Finite-Element modesolver. This defines a confinement factor Γ as
where Δn is the refractive index step of the fiber core relative to the cladding. The justification of doing so is found in that the index raising dopants are added along with the rare-earth dopants and that the diffusion processes are somewhat similar for the modifiers and rare-earths added [8] .
Using this and assuming that the inversion is transversally independent, then Eq. (3) can be written as
where the first term is the gain term and the second term is the spontaneous emission term. The gain term in Eq. (5) can be neglected if the fiber length is short. The fluorescence can be used to determine η p for an in-band wavelength λ p through measurement of the ratio of generated fluorescence to the fluorescence level generated by pumping at a wavelength where full inversion can be reached [9] . Thus pumping at λ p = 786 nm and λ p = 1600 nm and observing the fluorescence from a short piece of fiber at an optimum wavelength results in the curve shown in Fig. 2 . First, the cross section ratio η p is found by the ratio of the extrapolated fluorescence levels at infinite pump power for the pump wavelengths 786 nm and 1600 nm. Then, the fluorescence levels are scaled and along with values of the launched pump power fitted to Eq. (2), where the fitting parameter is σ ap . Following this procedure, the ratio of cross sections at λ p = 1600 nm is found to be η p = 0.10 ± 0.02 (Tm1) and η p = 0.15 ± 0.02 (Tm2) from the extrapolated levels at infinite pump power. This number is then used in Eq. (2) along with values of the launched pump powers and fluorescent lifetime to fit the generated saturated fluorescence to the spontaneous emission term in Eq. (3) and thereby obtain a value of σ a = 3.5 ± 0.1 × 10 −25 m 2 for Tm1 and σ a = 4.3 ± 0.1 × 10 −25 m 2 for Tm1 at a wavelength of λ p = 1600 nm.
As the absorption cross section is now known at λ p , then the absorption cross section for all other wavelengths in the band can be found from a GSA measurement. The GSA is simplified using the confinement factor as GSA(λ ) = ρ 0 σ a (λ )Γ(λ ). This relation gives
from which the absorption spectra are calculated and shown in 
Scaling of the emission cross-section
With the knowledge of the absorption cross section and η(λ p ) at one wavelength, it is possible to scale the emission cross section, if the emission spectrum can be measured. However, this is not an easy task, since the measurement equipment has to be calibrated from 1.6 μm to 2.1 μm in order for the real emission spectrum to appear from a fluorescence measurement. Alternatively, one may use the factor σ a exp(−hν/k b T ) from the McCumber relation to get the emission spectral shape, but as σ a is very small for wavelengths beyond 1.9 μm and with the short-comings of the McCumber theory in mind, this is also problematic. To overcome this, a relative measurement of the emission spectrum is necessary and this is accomplished by measuring the gain tilt [6] .
The difference in gain of a small signal passing through a rare-earth doped fiber for two different mean inversions is found from Eq. (5) to be (ignoring contribution from ASE)
where η s = σ es σ as is the signal cross section ratio and < Δx >=< x 1 > − < x 2 > is some mean inversion. If the ratio of cross sections η s is known for one wavelength λ , it is possible to take the ratio of Eq. (7) to obtain the emission cross section as
Since the ratio of emission to absorption cross section is only known at 1600 nm, which is in the low-end of the emission spectrum, it provides poor accuracy for the entire spectrum. High power pumps were not readily available at higher wavelengths, so instead of measuring the fluorescence ratios as above, it was decided to make a small signal gain measurement instead. To improve the accuracy, the gain measurement was performed at λ = 1740 nm by pumping at 786 nm and extrapolating the ratio of max. gain to the GSA for a given length L to give the ratio of cross sections [10] . A number of accurate measurements were performed at different lengths and results were reproducible to provide a result of η(1740 nm) = 1.20 ± 0.02 for Tm1 and 1.25 ± 0.02 for Tm2. The scaled emission cross sections then follows from Eq. the ( 3 F 4 , 3 H 6 ) band of the two fibers for wavelengths below 1550 nm and above wavelengths of 2065 nm. Nevertheless, in the important central region of the emission spectrum, the gain tilt method works well.
The peak absorption cross section has been reported in [11] to be 4.5 × 10 −25 m 2 , which is in good agreement with the value found here of 4.2 and 4.5 × 10 −25 m 2 . On the other hand, peak emission cross sections reported in [11] , [12] , [13] The radiative lifetime in [11] was estimated from multi-phonon decay rates used to scale the cross sections. The emission cross section in [12] was found by applying the McCumber relation to the absorption cross section and scaling by comparison to a measured emission spectrum lineshape of a bulk sample. In [13] , the fluorescence spectrum was measured in a preform sample and scaled by the Judd-Ofelt calculated radiative lifetime. The large discrepancy is unclear at the moment, but could be caused by measurements obtained in different samples using different methods to achieve the radiative lifetimes and emission spectrums. An overview table summarizing the above values are given in table 1.
It is seen that the absorption cross section values reported are in reasonably good agreement, whereas the peak emission cross section values seem to be either around 4 × 10 −25 m 2 or 
which gives a radiative lifetime of 6.0 ms and 6.6 ms for Tm1 and Tm2 respectively. Radiative lifetimes reported using Judd-Ofelt theory in [12] and [13] are 6.3 ms and 4.56 ms, which agrees fairly well with the values obtained here. The radiative quantum efficiency of this laser level in thulium-doped silica fibers is therefore only around 10%. The low efficiency is a wellknown problem associated with the high phonon energy of silica and the relatively low energy difference between the ground-and first excited-state of thulium.
Rare-earth concentration
The last parameter to be determined is the rare-earth peak concentration, ρ 0 , which is now easily obtained by the relation
The concentration is hereby estimated to be approximately 8.4 × 10 25 1 /m 3 for fiber Tm1 and 6.1 × 10 25 1 /m 3 for fiber Tm2. The difference in concentration primarily originates from the definition of the confinement factor and that the concentration profile is assumed to follow the index distribution. The ratio of confinement factors for the two fibers is 0.7.
The order of magnitude of the estimated concentration in the fiber was also verified by comparing it to that of an erbium-doped fiber. All fiber parameters of the erbium-doped fiber, including co-doping, was the same as those for the Tm1-fiber, the only difference being that the erbium concentration was known to be approximately 11 times lower than the thulium concentration. The exact same procedure and measurements were carried out on the erbium doped fiber to estimate its concentration. The absorption cross section of the erbium fiber at a wavelength of 1470 nm was estimated to 1.24 × 10 −25 m 2 using a cross section ratio at this wavelength of 0.22. Since the GSA was measured to 0.63 1 /m, the concentration of the erbium doped fiber was found to be around 8.7 × 10 24 1 /m 3 , which is 9.5 times lower than in the thulium concentration in fiber Tm1. This result verifies the methods used to obtain all the necessary information in order the calculate the rare-earth concentration of the fibers.
Discussion
The most important underlying assumption in the results obtained above is that it is possible to reach full inversion, when pumping the thulium doped fiber into the 3 Fig. 1 , which is not very accurate. However, the estimated value is close to the reported lifetimes which range from 14 to 20 μs. From the relation (1 + τ 32 /τ 21 ) −1 , a maximum obtainable inversion is around 0.97 in the thulium doped fibers and the approximation is therefore believed to be reasonably good.
Another issue is ion clustering, but it is believed to be small, since the lifetimes observed are among the longest reported and the thulium concentrations are fairly modest. However, Energy-Transfer Upconversion (ETU) is present when pumping at 786 nm, which is observed by a faint blue glow from the pumped fiber. Two ions initially pump excited to the ( 3 H 4 , 3 H 4 ) levels may exchange energy and promote into the states ( 3 F 4 , 1 G 4 ) from where a radiative decay is possible from the 1 G 4 to the ground state through emission of a photon at approximately 470 mn. However, the fluorescence observed at 1850 nm from a short piece of fiber, which is directly proportional to the inversion level, was never seen to decrease with increasing pump power, this being the case even at pump powers above 500 mW. Furthermore, the measured blue emission coming from the fiber was relatively small, thus justifying a low influence from this ETU process.
Even though it is not correct to assume full inversion in any rare-earth doped system, it is still believed to be a good approximation which will fall within the general uncertainty range of the measured values.
Conclusion
All spectroscopic parameters of the ( 3 F 4 , 3 H 6 ) transition of a thulium doped Al/La-silica and Al/Ge-silica fiber have been obtained using simple and well-known techniques in analyzing rare-earth doped fibers. The parameters determined are based on numerous experimental measurements, thus avoiding the limitations of theoretical calculations. The results are readily usable for analyzing thulium doped silica fiber amplifiers and lasers providing the opportunity of future insight and device optimization.
